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LONG-TERM GOAL

The long term goal of our researh is toincorporate ewvironmental egimation and compensaion
methods into the synthetic ape&ture sonar (SAS) image formation process. Speifically mitigate
shallow water environmental effects casing a degrad#on in image reslution through spacetime
variations in the und sped field, eg., intemal waves, turbulence,bathymetry.

OBJECTIVES

The curent focusof our reseach is to deelop an algorithm to compensée for the effects of linear
internal waves duing the formation of asynthetic apeturein a stallow water envronment. Intemal
waves impact the piopagation of the aougic signal and consequently the phase by changing the space
time gructure of the ound speedield. Ourintent is tomodel this phase clange due tantemal waves,
with the dhallenge of developing a methodology to remove this intemal wave induced phase vaiation
as a pe of the formation of the synthetic apeture.

APPROACH

Ourreseach objectives ae consistent with the goals of the SAS PRMER experiment which is
affiliatedwith the overall Coagal and Mixing Ogics Experiment conduded during 1996, [1. The
experimental emphasis is on: hi-frequency acugic propagation through shallow water intemal waves
and SAS beam formation, charaderizing linear and nonlinearshallow water intemal waves.

The speific apppadc we aretaking is to irst construct asimulation of the phase history of a int
target inthe presence of an internal wave field, with initial emphasis on linea internal waves. The
model is a @mbinaion of ray theory using the Gawgsan beam method, [2], and generding a
realization of a und speée field peturbed ly linearintemal waves through which the rays piopagte.
The pimary inpus are sund speed iad Brunt-Vaisala (BV) frequency profiles deived from in-situ
measurements obtained at the PRIMER SAS experimental ste, [3], [4].

We intend to u the synthetic phasehistory as a aid in developing asimple forward model that
comprehends the intemal wave phase peturbation and embedthe forward model in abeam formation
algorithm. The forward model consists of asimplified Gausian beam ray traceformulation with a
depth dependent only sound speed pofile as the zerdh order unperturbed popagation model, and a
Rytov approximation to include theinternal wave effeds as aphaseperturbation. Asan initial testwe
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will use the time delay, sensor navigation and angle of arrival series along the synthetic aperture as the
synthetic data from which the forward model parameters are estimated.

WORK COMPLETED

We have constructed the simulation of the point target return in the presence of the internal wave field
as a generator of synthetic time delay and phase history inputs. An example of the point response
functions with no compensation in the azimuth compression is shown in Figure 1 along with the sound
speed and BV profiles. The point response functions correspond to the following environments: iso-
velocity sound speed profile, depth dependent only sound speed profile, sound speed profile with
internal wave effects. The azimuth compression uses the sound speed value at the sensor location.
The point response function for the iso-velocity environment is the ideal result with no uncompensated
effects in the phase history. The point response functions for the synthetic data inputs with the depth
dependent only sound speed profile and the case with internal waves included illustrate the resolution
loss due to uncompensated phase variations.

We examined dependencies on internal wave vertical modes, wave number components parallel and
perpendicular to the synthetic aperture. lllustrated in Figure 2 is the sensitivity of the autocorrelation
function of the residual phase signal and the point response function on the number of vertical modes
in the internal wave field. The residual phase signal is a phase function with an argument equal to the
difference between the synthetic time delay phase and the phase used in the azimuth compression. The
autocorrelation function provides a measure of the coherence across the aperture. From the figure we
see the lowest order modes seem to capture the primary features resulting in loss of coherence. With
respect to the wave vector components of the internal wave field parallel and perpendicular to the
synthetic aperture, we found the point response function and residual phase autocorrelation function
are most sensitive to the longer wavelengths with minimum values on the order of 17 % of the
synthetic aperture and 25 % of the closest approach distance between the sensor and target. As
expected from intuition the longer wavelength internal waves propagating parallel to the synthetic
aperture are the most important of the two directions regarding loss of azimuth beam focusing.

We installed and tested an algorithm that estimates the zeorth order sound speed model and internal
wave parameters using as input the direct path time delay series, sensor trajectory, and arrival angle for
a point target. The algorithm is based on a least squares procedure that includes a search over target
location during the estimation of the zeroth order sound speed model parameters. The internal wave
parameters are then estimated from the difference between a predicted time delay using the zeroth
order model and the synthetic time delay data. Shown in Figure 3 are the point response function and
residual phase autocorrelation functions with and without environmental compensation. The
compensated result shows a significant increase in resolution, comparable to the ideal calculation.

RESULTS
We made the following observations using the simulation:
e Broadening in the main lobe of the point response function due to environmental mismatch

» resolution loss from mismatch with depth dependent only sound speed profile
» internal wave effects significantly amplifies reduction in resolution



¢ Increased side lobe levels arising from environmental effects

e A subset of the internal wave modes are the primary contributors to resolution loss
» the lowest order vertical modes determine synthetic aperture coherence loss
» the longer wavelength components (> 17 % of aperture length from limited tests)
propagating along the aperture are most important

We constructed a forward model with sound speed and internal wave parameters to use as a means of
compensating the internal wave effects assuming the ideal data input which includes the synthetic time
delay series from a point target along the synthetic aperture.

e Tested a forward model estimation concept on ideal synthetic data input consisting of: time

delay, receiver location, angle of arrival series for a point target return.

» simple forward model captures primary structure in time delay series

» internal wave forward model with a limited number of parameters captures main
internal wave features in synthetic time delay series

» used the forward model estimate to compensate internal wave phase variations in a
simple delay and sum azimuth compression scheme with synthetic phase history input
from a point target return

IMPACT/APPLICATION

The development of a compensation scheme for environmental effects is important for the situations
when moderately hi-frequency sonars are working at longer stand off ranges that require increased
resolution for the detection and classification of objects lying on the bottom. We have examined linear
internal waves as one environmental source of resolution loss in the formation of a synthetic aperture
beam. Continuing development of a compensation scheme can lead to improved beam formation
algorithms with increased resolutions and with environmentally adaptive capabilities to estimate and
mitigate the defocusing effects of internal waves.

TRANSITIONS

There are currently no actions being taken to transition the results of this work to other projects

RELATED PROJECTS

1) The shallow water internal wave characterization being done by Murray Levine at OSU has
provided the initial sound speed and BV profiles used in the simulations along with the initial

characterization of the linear internal wave shallow water spectrum

2) The analysis of SAS PRIMER acoustic data by UW/APL to determine the impact of internal waves
on beam formation across an array of hydrophones on a tower, and on acoustic wave propagation

3) Analysis of data obtained from a tow fish during the SAS PRIMER experiment by NRL Stennis
with the intent of studying synthetic aperture formation in the presence of internal waves.
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Figure 1: point response functions from a SAS simulation illustrating the result of
uncompensated environmental effects. The three point response functions correspond to:

1) an iso-velocity environment (equivalent to perfect compensation for all variations
in the sound speed profile)

2) an environment with a depth dependent only sound speed profile from PRIMER experiment
in situ measurements (uncompensated refractivity effects, equivalent to removing irterna
wave effects)

3) an environment with a sound speed profile including perturbations from simulated linear
internal waves (equivalent to no compensation for refractivity or internal wave effects)

The case shown corresponds to a towed passive SAS at a depth of 20m and a sound source with a
center frequency of 20kHz at a depth of 55m. The point of closest approach between the towed
receiver and emitter in ground range is 500m. The length of the synthetic aperture is 375m
formed over a 375sec time period. The internal wave contributions are modeled from BV and
sound speed profiles obtained from the PRIMER experiment and provided by Murray Levine,
along with parameters estimated from the pre-experimental numbers contained in reference 1.
The depth of the receiver is near the maximum value of the BV profile used in the simulation. As
seen in the figure, a refracting environment with or without internal waves can degrade the
azimuth resolutionof the SAS. The inclusion of internal waves degrades the resolution and can
create high side lobes resulting in much higher reverberation. The figure shows the potentia
improvement in SAS resolution when environmentally induced phase distortions in the echo are
compensated for. The significance of the internal wave effects depends on the operating
parameters of the SAS along with environmental conditions.
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Figure 2: point response functions and normalized autocorrelation of residual phase
parameterized  number d vertical modes. 2640m < k-horizontal < 2/20m
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Figure 3: point response functions and normalized autocorrelation of residual phase for
refraction only, uncompensated internal wave effects, and partially compensated internal
wave effects. Internal wave field contained 5 vertical modes, and 128x128 horizontal wave

numbers per mode,21280m < k-horizontal < 2/20m. IW field used for compensation
contained 1 vertical mode, and 39x9 horizontahve numbers, 21280m < k-horizontal <



